interactions of calcium and neomycin with liposomes of various anionic phospholipids plus lecithin were studied by differential scanning calorimetry. Phosphatidylinositol bisphosphate differed from other acidic phospholipids in its interactions with both calcium and neomycin. Calcium, at concentrations as low as 1 mM, induced the appearance of a second transition peak in phosphatidylinositol bisphosphate-enriched liposomes only. Neomycin acted antagonistically and precluded this phase separation. In addition, neomycin lowered the phase transition temperature of phosphatidylinositol bisphosphate-lecithin liposomes while it raised the transition temperature of all other anionic phospholipid-lecithin liposomes tested. This fluidizing effect of neomycin and the antagonism to calcium may induce critical alterations of properties of biological membranes. The study supports and extends our previous findings and conclusions that phosphatidylinositol bisphosphate may play a crucial role in the expression of aminoglycoside toxicity.
The ototoxicity (and possibly also the nephrotoxicity) of aminoglycosides may be based on specific membrane actions of these drugs. A number of studies on cochlear and renal lipid metabolism have provided evidence for anionic phospholipids as binding sites for aminoglycosides [l, 21. Our previous work on phospholipid-aminoglycoside interactions in uiuo [3] and in vitro [4, 5] has specifically implicated the polyphosphoinositides, notably phosphatidylinositol bisphosphate, in such a role. Physicochemical investigations of aminoglycoside/ lipid interactions have shown a complex pattern. Binding between the polycationic drugs and isolated phospholipids was demonstrated by a variety of techniques, but the binding affinity of the drugs did not correlate with their established toxicity [2] and neither did their ability to displace calcium from these lipids. On the other hand, increases of surface pressure of monomolecular lipid films containing phosphatidylinositol bisphosphate induced by a number of aminoglycosides demonstrated a significant correlation with ototoxicity [6] . The uniqueness of the aminoglycoside-phosphatidylinositol bisphosphate interaction may result from a specific charge orientation in the molecules leading to the formation of a complex with area-determining characteristics in monolayers [7] . than the temperature of the onset of melting. Slower heating rates (1" and 2"/min) produced identical T,,, but a slight broadening of the peak. Sharpness of the peak was also a function of the amount of lipid in the sample, but T,,, values were always within +0.2" regardless of sample size.
RESULTS

DSPC liposomes.
To ensure that the thermotropic changes produced by addition of Ca*+ or Nm to mixed liposomes were the result of interactions with the anionic component, the effects of Ca2+ and neomycin on pure DSPC liposomes were first tested. The thermogram showed the main peak at 56.7" and a pretransition peak at 53.0". Addition of Ca'+ or Nm (up to 10mM) had no significant effect on the T,,, of the main transition peak. This indicated that the interactions between Ca2+ or Nm (at concentrations of less than 10 mM) and neutral phospholipids [5, 121 are small as compared to those with acidic lipids (see below).
PS-DSPC liposomes. Ca2+, up to 10 mM, induced a concentration-dependent increase of T, of PS-DSPC liposomes
(1: 1 molar ratio) (Fig. 1A ). Nm also increased T, but, unlike Ca'+. concentrations of Nm above I mM caused no significant shift (<0.2") in T, (Fig. 1B) .
To test whether the ratio of the lipid components influenced the effect of Ca'+ and Nm on the mixed liposomes, mixtures of PS-DSPC in molar ratios of 1:2 and 2: 1 were investigated (Table 1) . Again. Ca?+ and Nm caused concentration-dependent increases in the T,,, which for the latter agent peaked at concentrations well below 10 mM. The effect of Ca?+ was more pronounced in the PS-DSPC (2: 1) system. Upon addition of 10mM Ca'-, an endothermic peak at the phase transition temperature of pure DSPC appeared, indicating some separation of this component from the original mixture. Next, the effect of Nm in the present of Ca'* was investigated (Table 1) . When both Ca" and Nm were present at low concentration (1 mM), the increase in T, approximated that induced by Nm alone. When Ca*+ and Nm were both present at 5 mM, the T,,, ranged between those induced by the individual cations. At a concentration of Ca" greatly exceeding that of Nm, e.g. 10: 1, the T, was closer to that found in the presence of Ca?+ alone than of Nm alone.
PI-DSPC liposomes. While 1 mM Ca'+ increased T,,, of PI-DSPC liposomes
(1: 1). higher concentrations of Ca*+ did not cause a further increase (Fig. 1C) . Nm also increased T,, and the magnitude of change was dependent on its concentration ( '. in T,,, proportional to its concentration up to 10 mM (Fig 1, panels E and F) .
The effect of Nm dominated that of Ca2+ when these ions were present in 1 mM or 5 mM concentrations each. The effect of Ca2+ predominated only when Ca2+ was added to a 10: 1 excess (Table  3) .
PIP2-DSPC liposomes. The thermogram of the PIP,-DSPC mixed liposomes (1: 1 molar ratio) in the absence of Ca2+ (Fig. 1G) or Nm (Fig. 1H) was unlike that of the other anionic lipid-DSPC systems. The phase transition temperature was greater than that of either of its components (PIP2 = ~10"; DSPC = 56.7").
All concentrations of Ca*+ tested resulted in the appearance of a double peak (Fig. 1G) . The T,,, of the first peak corresponded approximately to that of the untreated PIP,-DSPC liposomes, and the other T,,, value approximately to that of pure DSPC. The addition of neomycin (Fig. 1H ) induced concentration-dependent downward shifts of the T,,,. The effect of Nm dominated that of Ca*+ when both cations were present in equimolar (1 or 5 mM) concentrations (Table 4) . Only in the presence of high Ca2+ (10 mM) and low Nm (1 mM) concentrations did the T,,, approximate that observed with Ca*+ alone. However, no phase separation was seen in this case.
Preparation of pure PIP and PIP2 is time consuming and costly. Since the effects of Ca*+ and Nm on the phase behavior of other mixed liposomes were essentially independent of the molar ratio, we initially limited experiments with PIP-DSPC and PIP,-DSPC liposomes to 1: 1 molar ratios. However, a few experiments were run with PIP,-DSPC (2: 1 molar ratio) liposomes. In both cases, the results were consistent: T, was higher than those of the individual components and Ca2+ or Nm reduced T,,, (Table 4) . to have a T, higher than that of either component, possibly due to the formation of hydrogen bonds between available hydroxyl and the phosphate groups [13-151. Similar hydrogen bonding may exist in PIP2 as this lipid is not fully ionized at neutral pH due to the high surface charge density [ 161. There is also some evidence that hydrogen bonding may occur between the hydroxyl groups in the inositol molecules [ 141. Intermolecular hydrogen bonding between the phosphate group in DSPC and the phosphate groups and/or the hydroxyl groups in PIP2 molecules is then possible. The existence of such bonds should raise the transition temperature since the gel state is more stabilized by these forces than is the liquid-crystalline state.
Second, the induction of the double peak by Ca2+ was seen in these liposomes only. This is consistent with previous findings that Ca*+ has a specially strong affinity to PIPp [16] , and suggests that molecular segregation is occurring within the vesicles [17] . Other interpretations, however, cannot be ruled out. The downward shift of T,,, induced by Nm is compatible with the results obtained from monolayer studies, which suggested the formation of a strong ionic complex between Nm and PIP2 with a concomitant increase in surface pressure [5] . Similarly, proteins which bind primarily by ionic bonds to phospholipids and increase surface pressure of monolayers produce a substantial decrease in T,,, [9] .
In contrast to PIP,, the behavior of other anionic lipids follows conventional patterns. Both Ca*+ and Nm increased T, of mixed PS-DSPC liposomes. Nm appeared to be more effective at low concentrations (1 mM) whereas Ca*+ was far more effective at higher concentrations, particularly in PS-rich liposomes. Based on electrical considerations alone, it is not surprising that Nm (+6) affects the T, of the negatively charged liposomes more than Ca*+. The prevalence of Ca2+ at higher concentrations can be the result of a specific binding of Ca2+ to PS [ 18,191. In contrast, Nm was more effective than Ca*+ in both PI-DSPC and PIP-DSPC liposomes. This is consistent with results by Ohki et al. [20] , who reported little or no phase separation for Ca2+-treated PI-PC systems. Although Nm was more effective than Ca2+ at all concentrations tested, it should be pointed out that separation into a phase very rich in DSPC (appearance of a peak corresponding to pure DSPC) was not observed for either PI-DSPC or PIP-DSPC systems even at Nm concentrations of 10 mM.
The behavior of PIP2-enriched liposomes may be the result of a unique interaction of Ca2+ or Nm with this lipid. The present study alone does not allow such a conclusion, as other interpretations are possible. For instance, since liposomes are multilamellar, it is unknown what fraction of the bilayer interacts with cations and whether this fraction is affected by the composition of the liposomes. However, if we consider our previous in uiuo [4] and in vitro [5, 6] studies, the present results do confirm the hypothesis that PIP2 occupies a unique role among acidic phospholipids in its molecular interactions with Ca2+ and with the aminoglycosides. What are the implications of such an interaction for a biological system? The Ca*+-induced phase separation in PIP2-enriched liposomes may be indicative of an important control mechanism in membranes. For instance, it can reduce the lateral diffusion in the aggregates and the transverse movement of molecules and ions across the membrane. Nm acted antagonistically and lowered T,,,. This fluidizing effect of Nm and the antagonism to calcium may critically alter permeability and other properties of biological membranes. These results then support and extend our previous findings and conclusions that PIP2 plays a crucial role in the expression of aminoglycoside toxicity.
